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Detection of High-Frequency Phonons from the Inhomogeneous Gap States
of a Nonequilibrium Superconductor
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Measurements are reported, for the first time, for detection of nonequilibrium phonons
emitted from the inhomogeneous gap states of a nonequilibrium superconductor by means
of a phonon transmission technique. The observed phonon signal exhibits a clear spatial
structure with a certain periodicity. The connection between the I Vch-aracteristic and
the phonon signal is discussed.

PACS numbers: 74.40.+k, 74.50.+r, 67.40.Pm

It is now a well-established experimental fact
that a homogeneous superconductor driven far
from equilibrium under intense tunnel injection
undergoes a transition to inhomogeneous gap
states. Two- or multipl. e-gap states to date have
been observed for aluminum, ' lead-indium, '
and tin films."To study the possible spatial dis-
tribution of quasiparticles, Akoh and Kajimura'
have recently fabricated a long narrow injector
junction with seven microdetector junctions at-
tached on it. Their results were, however, not

conclusive because the detector junctions were
not small enough to define a single gap region.
In this Letter, we present measurements of the
spatial distribution of nonequilibrium phonons
emitted from a superconducting tin film with two

different gaps utilizing a small tunnel-junction
sensor placed separated from it by a superfluid
layer of several tens of micrometers.

To begin with, we find the relation between the
number density of emitted phonons and the quasi-
particle concentration in a nonequilibrium super-
conducting film using the Rothwarf- Taylor equa-
tions" modified to include quasiparticle diffusion.
It is directly derived from the steady-state solu-
tions by eliminating the quasiparticle-flow term.
The result is given by

N pb -Nph~
1+~„/~s

where N and N~ are the nonequilibrium and ther-
mal-equilibrium quasiparticle concentration N ph

and N ph~ are the nonequilibrium and thermal-
equilibrium phonon number densities, respec-
tively, R is the quasiparticle recombination co-
efficient, 7~ is the phonon pair-breaking time,
T is the phonon escape time, and Ipp is the pho-
non injection rate. Equation (1) indicates that
the emitted-phonon number density per unit time
is directly connected with the quasiparticle con-

centration in the film. In our experiments, be-
cause of high injector bias voltages, Iph has a
finite value due to relaxation phonons created by
decay of high-energy quasiparticles. The phonons
emitted toward the liquid-helium side pass
through the Kapitza boundary, then propagate in
superfluid helium and reach the surface of a
sensor film where they again experience the Ka-
pitza resistance. If the energy of those trans-
mitted phonons is greater than the gap of the
sensor film, they are capable of pair breaking,
resulting in a gap reduction in the film. For our
experimental temperature (T = 1.6 K), however,
no detailed reports on propagation of high-fre-
quency phonons emitted from a dc-biased super-
conducting tunnel junction are available. "

For generation of phonons, we used a Sn-I-Sn-
I-Sn double tunnel junction composed of an in-
jector and a detector with the middle film in com-
mon. The phonon sensor was a 20&20 pm' S-I-jV
type junction (either Sn-I-¹Cr-Cu or In-I-¹Cr-
Cu) of resistance 0.2-5 Q. A thin NiCr film pro-
vided an oxide barrier of high quality. These
junctions were mounted on sample stages which
were movable in liquid helium by a specially de-
signed cam and gear system. A double tunnel
junction was placed on one sample stage which
was movable in the x-y plane, whereas a phonon
sensor was placed on the other sample stage
which was movable along the z axis only as shown
in Fig. 1(a). These iwo samples were set several
tens of micrometers apart. The mechanical sys-
tem was very precise and reliable. The overall
spatial resolution was limited by the size of the
sensor (i.e. , 20 pm). A typical derivative char-
acteristic of the sensor junction is shown in Fig.
1(b). The change in d V/dI at zero bias voltage
becomes proportional to the incident phonon in-
jection rate.

The experiments were performed in the follow-
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FIG. l. (a) Schematic drawing of the experimental
setup for phonon generation and detection. The figure
is not to scale. (b) Typical derivative characteristic of
a sensor junction. (c) Typical detector I-V character-
istics of a double-tunnel junction with and without in-
jection current.

ing steps. First, by means of the double-tunnel
junction, the detector I-V trace was recorded at
a given injection current to confirm the existence
of two-gap structure [see Fig. 1(c)]. Next, with
the phonon sensor fixed at a certain position, its
differential resistance dV/dI at zero bias voltage

FIG. 2. Detected phonon signal as a function of posi-
tion. (a) Sn sensor; (b) In sensor; (c) Sn sensor.

was recorded with and without the injection cur-
rent with a lock-in amplifier. Figure 2(a) shows
the results of the net response [(dV/dI), . —,—(dV/
dI), „]when I, = 500 mA (e V, = 136.) as a function
of the sensor position along the x axis. The sen-
sor was a Sn-I-¹iCr-Cu junction and the injection
current was fed symmetrically to both sides of
the middle film. The larger (b ) and the smaller
(& q) gaps were &„/L r = 0.95 and & q/b r = 0.7,
respectively, where h~ is the unperturbed gap
parameter. The observed maximum response
corresponds to about a 1% decrease in (dV/dI), 1"
being equivalent to a gap decrease of about 1 pV.
The sensor signal rapidly decreased as the separ-
ation between the injector and the sensor went
beyond 100 p, m. The detected phonons exhibit a
clear periodic structure with the period about
100 p. m. This value should be, however, reduced
by about 20% due to the phonon spreading effect
during propagation in liquid helium which was
confirmed by another experiment. The decay
tails extending over both ends of the injected
area suggest the quasiparticle flow toward the un-
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perturbed film. When the injection current was
fed to only one side of the middle film, the peri-
odic pattern was still present but the relative
peak height was changed. Figure 2(b) shows the
case when a In-I-¹iCr-Cu junction was used as
a phonon sensor. We still find a similar struc-
ture to that found for tin. The observed structure
was qualitatively the same for different injection
currents so long as the two-gap state was formed.
We have also studied the in-line type injector
junction of length about 500 p, m, which again re-
sulted in the periodic structure of the shme order
of periodicity along the direction of current flow.
In this case five successive peaks appeared with
the peaking shape around the center in contrast
to the above case.

There are, at least, two possibilities about the
nature of detected phonons in this strongly per-
turbed system confined to a small space, i.e. ,
ballistic & phonons and second-sound heat pulses
as suggested in Ref. 10. In any case, they would
image the superconducting inhomogeneous state.
We also note that the detector I-V traces were
not affected by the presence of a sensor sub-
strate in close vicinity. In the & -phonon case
based on the theoretical phonon distributions at
high bias voltages, "the sensor film will be af-
fected by those phonons from both o.'and P re-
gions in spite of the fact thath» =4~ &4

The phonons from the smaller gap region
will yield larger signals. Figure 2(c) shows an

example for which injection did not cause a dis-
tinct gap structure but the gap was reduced about
20%. The response was found to be almost flat
in this case, suggesting the absence of an in-
stability. We have also detected the phonons
from a superconducting film driven normal by
large transport current exceeding the critical
current of the film, which again resulted in a
flat response. These facts indicate that the emit-
ted phonons from the inhomogeneous gap state
are highly nonthermal and their spatial distribu-
tion reflects the quasiparticle distribution in
space.

In Fig. 3, we present the result of a two-dimen-
sional survey of the sensor signal, together with
a sketch of contour mapping deduced from the ex-
perimental data. The signal. along the x axis is
approximately symmetrical, whereas that along
the y axis is rather asymmetrical probably be-
cause of the asymmetrical boundary condition
along the y axis although it still exhibits a peri-
odic structure. We now try to compare the ob-
served structure with the detector I-V trace
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FIG. 3. Detected phonon signals for various sweep
paths of a Sn sensor as indicated bottom left. Bottom
right: A sketch of contour mapping of phonon signal.
The number in each contour indicates the rel t
nitude of ho o

a ave mag-
n u e o phonon signal. The larger number corresponds
to larger signal.

given in Fig. 1(c)." Figure 1(c) suggests that
both the a and P regions occupy about-,' of the
total injected area and the remainder region cor-
responds to a transition region. In Fig. 3, the P
region will correspond to the ridge surroundinlng
an unclosed caldera, while the + region will cor-
respond to the caldera and some outer circum-
ference region. The rather shallow caldera is
probably due to the phonon spreading effect in
liquid helium.

One possible interpretation is to assume an
abnormal diffusion of quasiparticles from high-
gap to low-gap region as far as only a one-dimen-
sional problem is involved. Very recently Konno"
calculated the spatial modes based on the p, * in-
stability model" in a finite system using Green's
function technique and obtained a periodic struc-
ture of the same order. The other possibility
relies on the assumption of normal diffusion but
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allowing two-dimensional flow of quasiparticles.
In conclusion, we have demonstrated that the

phonons emitted from the inhomogeneous gap
state are highly nonthermal and the measure-
ments of these phonons by the two-dimensional
sweep of a microsensor provide a study of non-
equilibrium gap structure in detail. It will. be a
next interesting subject to investigate the nature
of these phonons and their transmission mech-
anism.

The authors are grateful. to Dr. H. Konno and
Dr. T. Ishiguro for valuable discussions.
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Donor-donor and donor-acceptor dynamics in La& „P&0&4..Nd„+ are measured directly
with a high-resolution, near-ir laser system. Time-resolved fluorescence line-narrow-
ing measurements show an absence of rapid donor-donor tr~n~fer below 20 K and an on-
set of spectral diffusion at = 20 K for an x = 0.75 sample. The linear concentration
quenching and exponential decay in the absence of fast diffusion are explained with exist-
ing energy-transfer theories and are consistent with room-temperature studies.

PACS numbers: 78.55.Hx, 78.20.-e, 78.45.+h

La, „P,O„:Nd„" (LNPP) is one compound of a
class of high-gain Nd laser materials, ' which
show a small decrease in their fluorescence quan-
tum efficiency (QE) as the Nd" concentration is
increased up to the stoichiometric limit. Direct-
ly related to this technologically important aspect

are several interesting anomalous luminescence
properties. The weak concentration quenching of
the QE in LNPP is linearly dependent' ' on the
fractional. Nd" concentration x, in contrast to
many other similar systems, ' e.g. , YAlG:Nd"
(neodymium-doped yttrium aluminum garnet),
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